Introduction
Diabetic kidney disease (DKD), which also known as diabetic nephropathy, is defined as diabetes with albuminuria (ratio of urine albumin to creatinine ≥ 30 mg/g) or an impaired glomerular filtration rate (GFR) (<60 mL/ min/1.73 m Dyslipidemia is associated with DKD and has been shown to play crucial roles in the development and progression of DKD [5] . Treating uncontrolled glucose levels can directly improve lipid levels, especially those of triglycerides (TG). The most used antidiabetic drug, metformin, exerts a strong glucose-lowering effect, and it can improve the lipid profile at the same time, suggesting there is crosstalk between hyperglycemia and dyslipidemia. However, several glucose-lowering agents do not have a beneficial effect on the lipid profile and even cause weight gain while improving glucose levels. Therefore, it is important to figure out what the background mechanism linking glucose and lipid metabolism is.
The conception "metabolic memory" means the phenomenon where periods of good/bad metabolic control can have long-lasting effects on the development of complications in diabetes even after abolishment of good/bad control in diabetic patients [6] . Clinical observational studies revealed that this metabolic memory could even last more than 25 years, suggesting a long-term environmental programming effect during DKD development [6] . Metabolic nuclear receptors, defined as a group of nuclear hormone receptor transcription factors, play key roles in regulating a variety of metabolic processes such as adipogenesis, glucose metabolism, lipid metabolism, energy metabolism, insulin sensitivity, and so on [7] . Well-known metabolic nuclear receptors include peroxisome proliferator-activated receptors (PPARs), liver X receptors (LXRs), and farnesoid X receptors (FXRs). Dysregulation of theses metabolic nuclear receptors is closely related to metabolic syndrome, and thus plays an important role in the development of DKD.
In this review, we will review the recent progress in elucidating the roles of hyperglycemia and dyslipidemia in DKD and also discuss the roles of metabolic nuclear receptors in glucose-lipid crosstalk.
Hyperglycemia and DKD
Chronic hyperglycemia plays a major role in the pathogenesis of DKD-related complications. The human kidney is involved in the regulation of glucose homeostasis and abnormalities through the release, uptake, and reabsorption of glucose. The liver and kidney are the only organs in humans that have abundant glucose-6-phosphatase levels and therefore are able to perform gluconeogenesis. Under the fast condition, the liver can produce glucose through glycogenolysis; the kidney, however, cannot release glucose through glycogenolysis, for it contains very limited amounts of glycogen [8] .
One important function of the kidney is the reabsorption of glucose from glomerular filtrate. Glucose is freely filtered by the glomeruli. Approximately 180 L of plasma and around 180 g of glucose are filtered by the kidney every day. Under normal conditions, more than 99% of the filtered glucose is reabsorbed into the circulation, and the urine is free of glucose [9] . Sodium-glucose cotransporters (SGLTs) in the proximal convoluted tubule are the transporters responsible for kidney glucose reabsorption. There are six identified members of the SGLT family (SGLT1-6) [10] . In the kidney, the transport of glucose is mediated primarily by SGLT1 and SGLT2. Of these two transporters, SGLT1 plays important roles in glucose absorption/reabsorption and is mainly localized on the luminal side of the small intestinal epithelial cells and segment 3 (S3) of the renal proximal tubules. SGLT2 is a high-capacity, low-affinity glucose transporter that is predominantly located in the brush border membrane of the S1 and S2 segments of the renal proximal tubule and is responsible for reabsorption of more than 90% of the filtered glucose in the kidney [11] . The proximal tubule cells of the kidney actively contribute to glucose homeostasis by reabsorbing glucose through the transporter SGLT2.
In patients with diabetes, the blood glucose levels increase and exceed the transport maximum (T m ) glucose level at a threshold of approximately 200 mg/dL. It is reported that in diabetes, expression of the SGLT2 transporter gene is upregulated and the renal threshold increased, leading to increased glucose reabsorption from glomerular filtrate, thereby reducing urinary glucose excretion and worsening the hyperglycemic condition. In db/db mice, genes involved in glucose metabolism such as SGLT2, phosphoenolpyruvate carboxykinase (Pck1), and glucose-6-phosphatase were selectively hypomethylated in the proximal tubules compared with control db/m mice [12] . An aberrant increase in DNA methylation of the PPARγ coactivator-1α (PGC-1α) gene promoter is observed in the skeletal muscles of diabetic patients.
In the kidney, hyperglycemia causes kidney injury by several mechanisms, including: (a) increased expression of transforming growth factor-β (TGF-β) and overproduction of the mesangial matrix; (b) abnormal activation of protein kinase C, which causes mesangial expansion via TGF-β, vascular endothelial growth factor (VEGF), reactive oxygen species (ROS), and angiotensin II; (c) production of ROS; (d) activation of mitogen-activated protein kinase pathways [13] ; (e) PPARs; and (f) overproduction of advanced glycation end products.
Dyslipidemia and DKD
Kimmelstiel and Wilson [14] first described the presence of lipid deposits in tubular epithelial cells (TECs) of diabetic kidneys in 1936. After that, a vast amount of evidence has shown that increased lipid accumulation in TECs would lead to lipotoxicity, which contributes to fibrosis [15] . Now there is growing evidence for the indispensable role of dyslipidemia, which is characterized by high plasma TG-rich lipoproteins, low plasma high-density lipoprotein cholesterol (HDL-C), and increased concentrations of small-sized and modified low-density lipoprotein particles (ox-LDL), in the progression of DKD patients [16, 17] . Dyslipidemia in patients with type 2 diabetes (T2D) is a reversible risk factor for the progression of kidney disease. It is thus important to understand the roles of lipid disorder in the progression of DKD.
DKD Is Usually Accompanied by Lipid Abnormalities
Hyperglycemia is intrinsically linked to insulin resistance, which facilitates hyperlipidemia and contributes to renal disease pathogenesis in diabetic animals [18] . Excess carbohydrates can be converted by lipogenesis into free fatty acids (FAs) and TG by activation of acetyl-CoA carboxylase (ACC), FA synthase (FAS), or stearoyl-CoA desaturase-1. DKD is characterized by tubular epithelial lipid accumulation [14] and decreased FA oxidation (FAO). Heavy lipid deposition and increased lipid droplet accumulation are observed in DKD patients [19] . Insulin resistance increases FA lipolysis and release from adipose tissue into the circulation by activation of hormone-sensitive lipase, which is normally inhibited by insulin. As a consequence, very low-density lipoprotein (VLDL) synthesis and secretion from the liver are also increased. Increased levels of VLDL TG in the presence of cholesteryl ester transfer protein can promote the transfer of TG into LDL or HDL in exchange for LDL cholesteryl ester. The TG-rich LDL can undergo hydrolysis by hepatic lipase or lipoprotein lipase, which leads to a small dense LDL particle. The TG-rich HDL particle loses its normal function and can undergo further hydrolysis, which leads to the dissociation of Apo A-I from the HDL particle and low levels of HDL ( Fig. 1 ) . It has also been demonstrated that the LDL-C level is increased and a high level of LDL-C has been found to predict the development of microalbuminuria in type 1 diabetes (T1D). Toxic lipids such as lysophosphatidylcholine, ceramides, and free cholesterol may also accumulate in the tissues under insulin resistance. These results suggest that insulin resistance can cause both hyperglycemia and hyperlipidemia, but the crosstalk between lipid and glucose metabolism remains unclear. Thus, insulin has an antilipolytic action. Insulin resistance (IR) increases lipolysis, enhancing free fatty acid (FFA) release from the adipose tissue to the circulation, which increases very-low-density lipoprotein (VLDL) production in the liver. In the presence of increased VLDL in the plasma in diabetic kidney disease patients, VLDL triglycerides (TG) can be exchanged for high-density lipoprotein (HDL) cholesterol and low-density lipoprotein (LDL) cholesterol under action by cholesteryl ester (CE) transfer protein (CETP), resulting in TG-rich, cholesterol-depleted HDL and LDL particles. The TG-rich HDL can undergo further hydrolysis, which leads to the dissociation and clearance of Apo A-1. The TG-rich LDL can be converted to small dense LDL (SD-LDL) after hydrolysis.
The Lipid Abnormalities Contribute to DKD Dyslipidemia is observed in most DKD patients. The "lipid nephrotoxicity hypothesis" was first advocated by Moorhead et al. [20] to describe the effect of dyslipidemia on decreased kidney function in 1982, and updated by Ruan et al. [21] in 2009. As a consequence, dyslipidemia causes podocyte apoptosis and enhances macrophage infiltration and excessive extracellular matrix production in the glomeruli under diabetic conditions, contributing to the development of DKD. Furthermore, lipids can be accumulated in the kidney and directly cause kidney injury by increasing uptake via lipoprotein receptors/transporters, increasing lipogenesis or reducing efflux and consumption (oxidation). High cholesterol absorption and low cholesterol efflux in the kidney have been shown in different models of T1D [20] and T2D [21] .
Enhanced lipogenic gene activation contributes to glomerular and tubular lipid deposits. Sterol regulatory element-binding proteins (SREBPs) are key regulators of lipid synthesis that play a central role in renal lipid accumulation in diabetic nephropathy [22] . SREBP1 and FAS expression is markedly increased in streptozotocin-induced diabetic nephropathic rat kidneys, resulting in TG and cholesterol accumulation in the kidney [22, 23] . Induction of SREBP-1 may be related to increase in TGF-β 1 and accumulation of extracellular matrix [24] . Treatment of diabetic rats with insulin prevented the increased SREBP-1 and TG accumulation. SREBP-1a transgenic mice exhibited an increased renal TG content, increased expression of TGF-β 1 and mesangial expansion, glomerulosclerosis, and proteinuria [22] . Knockdown of SREBP-1 ameliorated the diabetic kidney injury and protected from cell dysfunction [22] .
Evidence is emerging that reduced FAO is associated with lipid accumulation in DKD. An imbalance between circulating and cytosolic FA levels results in excessive intracellular accumulation of FAs. Carnitine palmitoyltransferase 1 is the rate-limiting enzyme in FAO. The PPARs and PGC-1α are the key transcription factors that regulate the expression of proteins involved in FA uptake and oxidation. Activation of PPARα by fibrates reduces TG and elevates HDL levels, showing potential to reduce diabetic nephropathy [25, 26] . Pretreatment with lowdose fenofibrate prevents the early onset of nephropathy in diabetic rats but is not effective in established diabetic rat nephropathy [27] . Acyl-CoA oxidase and liver-type FA-binding protein were reduced during DKD. PPAR activity is a potential cause of metabolic syndrome-related disorders. It has been proved that FAO is the key contributor to intracellular ATP levels in TECs [28] . FAO could be the key inciting factor for fibrosis development, and lipid accumulation occurs as a secondary consequence. Thus, reduced FAO might be a new mechanism in DKD.
CD36 is a transmembrane protein of the class B scavenger receptor family [25] functioning as an FA translocase which is expressed in several cell types including macrophages, microvascular endothelial cells, platelets, adipocytes, podocytes, and tubular cells. Long-chain FAs, particularly palmitate and stearate, enter cells mostly through CD36. CD36 expression is upregulated by hyperglycemia in DKD patients [26, 27] and is associated with increased uptake of ox-LDL and with tubular epithelial apoptosis, which in turn is associated with tubular degeneration and progression of DKD [27] . CD36 mediates TEC apoptosis and proinflammatory and profibrotic responses. TEC-specific overexpression of CD36 transgenic mice showed an increase in lipid accumulation in TECs. However, no higher susceptibility to diabetic kidney injury was observed. mRNA of the lipid droplet surface protein adipose differentiation-related protein (ADRP) was specifically upregulated 5.4-fold in 16-week-old db/db mouse kidneys [24] , suggesting that the lipid droplet protein is involved in lipid accumulation in DKD kidneys. Podocytes are crucial for maintaining a normally functional glomerular filtration barrier. Lipotoxicity and lipid accumulation cause podocyte injury and apoptosis in DKD patients, which is a feature of DKD, and podocytopenia is an independent predictor of DKD progression [29] [30] [31] [32] . There are several mechanisms which contribute to podocyte loss in diabetes. The reduction in podocyte numbers contributes to the progression of DKD. Lipid droplet accumulation localized within the podocyte foot processes of patients with DKD was observed by Herman-Edelstein et al. [19] . This accumulation was associated with a downregulation of genes that encode proteins involved in cholesterol efflux (ABCA1, ABCG1, and APOE), an upregulation of LDL receptors, impaired FAO, and increased expression of angiopoietin-related protein 4 [19] . CD36 protein expression was markedly enhanced in podocytes treated with palmitic acid in a dose-dependent manner [33] . However, the exact role of CD36 in podocyte apoptosis in diabetic nephropathy with hyperlipidemia still needs to be elucidated. An in vitro experiment recently showed that high glucose induced VEGF and reduced podocyte viability via enhanced autophagy, which was thought to be a self-protective mechanism [34] . Overall, lipids and lipid-modulating proteins are key determinants of podocyte biology and together contribute to the pathogenesis of glomerular diseases during DKD.
Metabolic Dysregulation in DKD: Glucose-Lipid Crosstalk
Metabolic dysregulation including hyperglycemia and hyperlipidemia initiates DKD. The alterations of glucose and lipid metabolism usually affect each other. It is well known that T2D is a metabolic disorder characterized by both hyperglycemia and dyslipidemia. Glucose-lowering drugs that control hyperglycemia usually also have an effect on lipid metabolism. Metformin lowers glucose while improving the lipid profile [35] . Also, a recent glucagonlike peptide-1 receptor agonist has proven efficacious in the glycemic control of T2D coupled with insulin-independent metabolic benefits for dyslipidemia [36] . The above-mentioned phenomena suggest that crosstalk between glucose and lipid metabolism exists during DKD. In this part, we will discuss the possible crosstalk between glucose and lipid metabolism from molecular networks and regulation pathways ( Fig. 2 ) .
AMP-Activated Protein Kinase-Related Pathway
AMP-activated protein kinase (AMPK) is an energy sensor that is activated by decreases in the cellular energy state, as reflected in the AMP/ATP ratio [37] . Metformin can phosphorylate and activate AMPK through liver kinase B1. Activation of AMPK can suppress the transcription of several key lipogenic regulators in the liver, such as SREBP-1, ACC, and HMG-CoA reductase [38, 39] . First, downregulation of SREBP-1 leads to a reduction in TG synthesis. Second, the inhibition of ACC enzyme activity also causes a reduction in FA and VLDL synthesis from the liver. Third, the suppression of HMGCoA reduces its capabilities of cholesterol synthesis. Metformin is reported to reduce TG by about 10% and LDL-C by 10-15%, and to increase HDL-C up to 7%. Therefore, metformin, through AMPK, improves the lipid profile beyond its glucose-lowering effect. The AMPK/silent information regulator T1 (SIRT1)/PGC-1α axis also participates in the crosstalk between lipid and glucose metabolism. Resveratrol is a natural plant polyphenol which activates SIRT1, and was reported to prevent renal lipotoxicity and to inhibit mesangial cell glycotoxicity in T2D mainly through the AMPK/SIRT1/ PGC-1α axis in a db/db mouse model [40] . Activation of SIRT1 promotes gluconeogenesis and FAO through PGC-1α [41, 42] .
SREBP-1 Serves as a Mediator for the Crosstalk between Glucose and Lipid Metabolism
In models of DKD, an increased renal expression of SREBP has been observed [22, 24, 32] . SREBPs are tran- scription factors well-known for their important roles in lipid homeostasis; the three isoforms are SREBP-1a, -1c, and -2. The inactive/precursor form of SREBP resides in the endoplasmic reticulum membrane. When activated, SREBP cleavage-activating protein binds and escorts SREBP from the endoplasmic reticulum to the Golgi complex and undergoes sequential proteolytic processing. Site 1 protease and site 2 protease are two proteases that could release the mature form of SREBP. Then, the active N-terminal domain of SREBP1 is translocated to the nucleus and the transcript regulates downstream target genes [43] . Transcriptional activation of SREBP-1 can also be upregulated by insulin [44] , glucose [45] , and LXR [46] . High-glucose-induced SREBP-1 was mediated by AMPK in T1D rats [47] . Uttarwar et al. [48] showed that in primary rat mesangial cells, high-glucose (30 m M ) treatment within 1 h could transcriptionally activate SREBP-1, which works through EGFR-PI3K-Akt signaling. Their data further showed that SREBP-1 could bind to the promoter region and directly regulates TGF-β 1 by glucose stimulation, mediating profibrogenic responses. In cultured renal tubular cells, high-glucose media could induce expression of SREBP-1 mRNA and protein levels, resulting in an enhanced cellular TG content through induction of FAS and ACC [22, 49] . The relationship between SREBP-1 and an activated PI3K/Akt pathway has been confirmed in diabetic rats and in in vitro-cultured HKC cells [50] . Recently, mTOR was revealed to be involved in diabetic renal lipogenesis and could be a potential target for the treatment of DKD through regulation of SREBP-1 [51] . How mTORC1 regulates SREBP is still not fully understood, but it might be by controlling the nuclear entry of lipin-1, a phosphatidic acid phosphatase [52] .
Metabolic Nuclear Receptors
Metabolic nuclear receptors consist of a group of nuclear hormone receptor transcription factors that play central roles in regulating metabolic balance. The metabolic nuclear receptors, including PPARs, LXRs, and FXRs, play important roles in regulating the crosstalk between glucose and lipid metabolism during DKD. Apart from the above-mentioned nuclear receptors, the other nuclear receptors, such as estrogen receptors, might also be involved in DKD, based on the observation that DKD progresses faster in males than in females [53] .
Peroxisome Proliferator-Activated Receptors PPARs, including PPARα (NR1C1), PPARβ/δ (NR1C2), and PPARγ (NR1C3), are key transcription factors in regulating glucose and lipid metabolism. PPARα is highly expressed in the liver, kidney, and skeletal muscles, and is closely correlated with FAO [54] . In the kidney, PPARα is abundantly expressed in the proximal tubules and medullary thick ascending limbs, with lower expression levels in the glomeruli [55] . PPARα binds to a specific peroxisome proliferator response element, thereby forming a heterodimer with RXRα, and controls a set of genes essential for FA β-oxidation and has an important role in renal metabolic control [56] . PPARα gene deficiency markedly accelerated nephropathy in diabetic mice [57] . A PPARα agonist such as fenofibrate improves insulin sensitivity, glucose control, and DKD [25, 58] . The mechanism of fenofibrate's renoprotective effect on DKD may be related to increased phosphorylation of AMPK, activation of PGC-1α, and amelioration of lipotoxicity in the kidney [59] . While improving hyperglycemia, fenofibrate treatment increased HDL-C with little change in VLDL in db/db mice.
PPARγ is the master regulator of differentiation and energy storage by adipocytes and plays an important role in improving insulin sensitivity, which made it a key target for the treatment of T2D. PPARγ ligands regulate systemic lipid and glucose homeostasis. The most representative PPAR ligands, thiazolidinediones, show a strong ability both to lower glucose levels and to improve lipid profiles in T2D. In the kidney, PPARγ is most abundant in the collecting duct [60] . Activation of PPARγ modulates the transcription of a number of insulin-responsive genes involved in the control of glucose and lipid metabolism. PPARα and PPARγ modulate energy utilization in the kidney by regulating FAO [61] . Activation of PPARα can stimulate FA β-oxidation, which can reduce the lipid content, and exerts renoprotective effects.
Farnesoid X Receptor (NR1H4) FXR is a bile acid-activated nuclear receptor that is highly expressed in the liver, intestine, adrenal glands, and kidney. FXR plays a key role in bile acid, lipid, and glucose homeostasis. FXR is abundantly expressed in the kidney and negatively modulates renal SREBP-1 expression. The FXR agonist obeticholic acid or GW4064 could decrease kidney TG levels, suggesting that FXR might play a pivotal role in diabetic renal injury [31] . FXR deficiency caused increased kidney neutral lipid accumulation and accelerated type 1 diabetic nephropathy partly through enhanced SREBPs [62] . In contrast, treatment with the FXR agonist INT-747 significantly decreased total plasma cholesterol and LDL-C levels, and improved renal injury in a diabetic mouse model by modulating renal lipid metabolism and macrophage infiltration and by negatively modulating the renal expression of SREBPs [62] .
Liver X Receptors (NR1H3, NR1H2) LXRs include two isoforms, namely, LXRα and LXRβ. LXRα is highly expressed in lipid-metabolizing organs such as the liver, kidney, intestine, and adipose tissue [63] , while LXRβ is more ubiquitously expressed [64] . The LXR agonist T0901317 could increase cholesterol efflux via activating ABCA1. Macrophage-specific activation of LXR markedly ameliorated hyperlipidemichyperglycemic nephropathy through the upregulation of genes related to cholesterol efflux and by suppressing glycated or acetylated LDL-induced cytokines and ROS [65] . However, applications of the LXR agonist have now been limited due to steatotic side effects.
Therapeutic Strategy for DKD
Diabetes treatment for patients with DKD is challenging. The progressive decline in renal function impairs the clearance and metabolism of antidiabetic drugs and insulin. Currently, there are no efficient therapies for slowing the progression of DKD. Evidence has shown that metabolic control could reduce the risk or slow the progression of DKD [66] . The landmark DCCT (Diabetes Control and Complications Trial)/EDIC (Epidemiology of Diabetes Interventions and Complications) research group showed a tight relationship between glucose control and complications and the treatment of T1D [67, 68] . For most patients with T2D, metformin is recommended as an initial therapy [66] . As glycemic control worsens, other antidiabetic drugs with different mechanisms of action are added to metformin. The use of metformin in DKD is more complicated according to different degrees.
SGLT2 Inhibitors: Pros and Cons
The concept of using SGLT inhibitors as T2D targets is not new [11] . Phlorizin is a nonspecific SGLT1/2 inhibitor; already in 1835 it was found to increase glycosuria and reduce hyperglycemia and to normalize insulin sensitivity in T2D mice [69] . However, the nonselectivity for SGLT1 stopped this drug from being developed for clinical use, since SGLT1 also localizes at the intestinal brush border, which is responsible for absorption of dietary glucose [10] . A bunch of highly specific SGLT2 inhibitors are currently being developed by several drug companies. The benefits of SGLT2 inhibitors compared with other glucose-lowering drugs include the following: (1) the action of SGLT2 inhibitors should be independent of insulin action or pancreatic β-cell function; (2) they ameliorate hyperglycemia without causing weight gain or hypoglycemia, which is a common side effect of other T2D drugs [70, 71] ; and (3) they lower blood pressure. Treatment with SGLT2 inhibitors has demonstrated improvements in HbA 1c , reductions in body weight, and modest lowering of blood pressure. Empagliflozin is a potent and well-studied SGLT-2 inhibitor that was approved by the FDA in 2014 [72] . A recent study showed that empagliflozin could be combined with metformin to provide dual medications in a once-daily tablet to improve longterm HgA 1c when compared to metformin alone. Luseogliflozin is a highly selective and potent SGLT2 inhibitor [73] that has been approved for use as monotherapy or in combination with other antidiabetic drugs [74] . A single dose of luseogliflozin significantly increased 24-h urinary glucose excretion and significantly decreased fasting blood glucose and 2-h postprandial plasma glucose in patients with normal-to-moderately reduced renal function but not severely reduced renal function. The ability of the SGLT2 inhibitor to reduce plasma glucose levels is associated with the GFR [75] .
Hyperlipidemia: A New Therapeutic Target for DKD?
Clinical studies have demonstrated that lipid-lowering therapy (with statins and fibrates) shows a protective effect on renal function by improving albuminuria and the estimated GFR [76] . Statins, which target cholesterol synthesis, may improve the estimated GFR through downregulation of small GTP-binding proteins and its downstream Rho/Rho-kinase proteins. Statins may decrease albuminuria, but they cannot stop the progression of DKD, indicating that other pathways besides cholesterol synthesis contribute to cholesterol accumulation in the kidneys of DKD patients. Moreover, the effects of statins vary with the stage of chronic kidney disease (CKD). Moderate-to high-quality evidence indicates that statins reduce all-cause mortality, cardiovascular mortality, and cardiovascular events. Thus, other therapeutic strategies for reducing cholesterol accumulation in peripheral organs, especially the kidney, need further investigation. Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a serine protease that is produced predominantly in the liver. Through binding to hepatic LDL receptors and promoting their degradation, PCSK9 downregulates plasma levels of LDL-C [77, 78] . PCSK9 is elevated in CKD and proteinuria. Alirocumab [79] and evolocumab [80] are fully human monoclonal antibodies against PCSK9. They reduce LDL-C by up to 65% and have been well tolerated in randomized, placebo-controlled, phase II clinical trials up to 1 year in over 3,000 hypercholesterolemic patients [81] [82] [83] [84] [85] . In a phase III clinical trial, 420 mg of evolocum-ab every 4 weeks for 52 weeks resulted in a relative reduction in LDL-C levels of 57% [86] .
Metabolic Nuclear Receptors: Great Promise?
Now clinical trials and animal studies have taken more interest in the function of nuclear hormone receptors in protection against kidney disease. Fenofibrate is a classic PPARα agonist. It has been demonstrated in multiple animal studies that fenofibrate reduces albuminuria in patients with diabetes [25, 61, 87] . In addition to reducing albuminuria, fenofibrate has been reported to ameliorate hyperglycemia [88, 89] . Acute fibrate-induced creatinine elevation in T2D with relatively preserved renal function may confer longer-term renoprotective effects. Recent studies reported that FXR negatively modulates renal SREBP-1 expression [31, 90] and its activation prevents type 1 diabetic nephropathy [62] . Treatment with the FXR agonist INT-747 improves renal lipid metabolism through negative regulation of SREBP-1 while decreasing proteinuria, glomerulosclerosis, and tubulointerstitial fibrosis [62] . Moreover, activation of FXR by the synthetic agonist GW4064 or by adenovirus-mediated FXR hepatic overexpression improves both hyperglycemia and hyperlipidemia in db/db mice [91] . Thus, FXR indicates that is has therapeutic potential for DKD.
Conclusion
As the number of DKD patients continues to increase worldwide -and, most importantly, the current glucose control strategy is not able to fully prevent DKD development -novel effective and long-lasting therapies for DKD are urgently needed. In this review, we highlighted the molecular crosstalk between dyslipidemia and hyperglycemia in progression of DKD. The roles of AMPK, SREBP-1, and some metabolic hormone receptors including LXR, FXR, and PPARs on the crosstalk between lipid and glucose homeostasis were discussed. Finally, we provided an update on recent drug studies based on due regulation of lipid and glucose in DKD. Lipoprotein may become a new target in CKD patients, especially patients with proteinuric or nephrotic syndrome. Recent advances in the understanding of metabolic nuclear receptors have opened a window for the development of novel drugs. Since SREBP-1 or SREBP-2 inhibitors are still unavailable, metabolic nuclear receptors may be potential candidates for the development of new drugs with which both glucose and lipid disorders can be controlled.
